The purpose of this research is to evaluate transit-oriented development (TOD) efficiency in Seoul using the network slacks-based measure data envelopment analysis (NSBM DEA) model. The smartcard data and socio-economic data are used to evaluate the transit efficiency of 352 subway station areas in Seoul. To measure the TOD efficiency, the two-stage network is designed with the transit design stage and the transit efficiency stage. The overall efficiency score of each station area is estimated through each score of the stage. The results of the efficiency evaluation by station area indicate that the overall efficiency score average is 0.349, with the transit design score and efficiency score estimated to be 0.453 and 0.245, respectively. The results indicate that the balance of each stage is crucial to achieve an efficient station in the concept of transit efficiency. With the efficiency scores of the 352 subway station areas, the TOD efficiency is also evaluated by the administrative units in Seoul. The results of district analysis reveal that the top 10 efficient administrative units are characterized by both residential and commercial land use. The results indicate that efficiency is found to be good in areas having both residential and commercial characteristics.
Introduction
Transit-oriented development (TOD) is a strategy of urban development that maximizes the transit accessibility to urban areas within walking distance [1] . The main purpose of TOD is to increase transit user comfort and alleviate automobile use by creating an accessible public transportation environment within the city [2] . Moving towards a transit-oriented approach, personal mobility can be prevented and looking in the long-term, more sustainable cities can be built [3] .
TOD is practiced in densely populated areas with high demand for transit system facilities such as subway and bus stations. When planning a new public transportation system, organizers must first contemplate the socio-economic characteristics of the area and plan transportation facilities accordingly to the population density, land use, commercial facilities, and residences in the area [4] . The travel demand for transit systems increases when stations are newly introduced into an urban area. Early TODs focused on increasing the connectivity between urban planning and public transit to address problems such as urban sprawl, traffic congestion, and environmental degradation [5] . The development of the TOD concept was aimed at urban planning with a focus on public transit
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Concept of Data Envelopment Analysis (DEA)
DEA is a nonparametric method for estimating production frontiers. The DEA model identifies relative efficiencies using a number of input and output variables [20, 21] . The purpose of measuring efficiency using the DEA model is to determine the strategy of an enterprise, organization, or industry. The first DEA model was developed to evaluate the efficiency and increase production for farm yield in the UK [25] . With respect to productivity, DEA has been applied to linear programming and has been used in various fields [35] . The relative efficiencies of decision-making units (DMUs) were determined and their performances compared. The original model was known as the Charnes, Cooper & Rhodes (CCR) model, which was employed to achieve constant returns to scale (CRS). Since the CRS condition assumes that the unit of production is kept constant at the optimal scale, the input and output are scaled proportionally. The CCR model is the most important model as it shows the most abbreviated methodological features. The CCR model estimates a ratio that can reduce the input as much as possible while keeping the output constant, and vice-versa. For example, there are some considerations to estimate the efficiency score with the input-oriented CCR model. The efficiency score is estimated by summing the weights of the output variables. The summed weights of output variables are between 0.0 and 1.0 score. With the observed J stations (j = 1, . . . , J), each station produces the M outputs using N inputs. The ratio of the input value versus output value is the efficiency score θ and the objective function is to minimize the θ i which is the reduced ratio of the input variables of target station i. The input-oriented CCR model, therefore, measures the weights of input and output variables to minimize the θ i , and the efficiency score is estimated by weights of variables. The maximum value of the efficiency score is equal to or less than 1.0 value with the constraints, i.e., y, x > 0 and λ ≥ 0. The efficient stations consist of the production frontier, and the inefficient stations improve efficiency in the near direction of the production frontier. In other words, the efficient stations are the reference group that the inefficient station benchmarks to improve its efficiency. The mathematical expression of the input-oriented CCR model is as follows: where θ i * is the efficiency score of the target station area i, j (j = 1, . . . , J) is the number of observed station areas, y j n is the output number of each variable r (r = 1, . . . , R) of a station area j, x j m is the input variable m (m = 1, . . . , M) of a station area j, y j r is the output variable r of a station area j, λ j is the intensity vector of station area j, s − m is the slack vector of the input variable x m , s k+ o is the slack vector of the output variable y r .
Network Slacks-Based Measure DEA
The NSBM DEA is used to measure the efficiency of the network that consists of two or more stages. In general, measuring the efficiency with DEA model involves two stages, an input stage, and an output stage. However, network DEA has more than two stages that include intermediate processes [22, 23] . These intermediate processes are linking activities that occur in stages of production or that occur internally in DMUs. In other words, the output results of the first stage can be applied to the second stage as inputs for the final result [22] . If the network becomes complex, early DEA models had a limitation with only contain one stage while the network DEA solves this problem by having multiple stages [24] . Since the transit system also has a complex network, the network DEA is suitable for measuring transit efficiency.
The transit infrastructure relative to the socio-economic is important in terms of the transit design [36] . Transit efficiency is defined as the number of transit trips relative to the infrastructures [37] . In this research, the transit design and transit efficiency stages were designed to measure transit efficiency. The process of TOD proceeds with three factors, i.e., socio-economic, transit infrastructure, and transit trip [11] . First, the socio-economic factors are examined to find the area where the transit is needed. Second, the transit infrastructures are built to the area selected from the socio-economic factors. Finally, the transit trips are derived through the socio-economic and transit infrastructures. These three factors are grouped by two stages which are transit design stage and transit efficiency stage. Figure 1 shows the framework of the process used to evaluate transit efficiency. The first stage, the transit design stage was measured by comparing the transit infrastructures with socio-economic factors. For the second stage, the transit efficiency was estimated by comparing the transit trips with transit infrastructures. The overall efficiency score is obtained by the average sum or weighted multiplication of each stage output from the design and efficiency stage. The weight of each stage can be determined by the purpose of the research or the characteristics of the subject [38] . Regarding the TOD evaluation, a bunch of previous studies considered the transit-related factors at the same level [11] [12] [13] . Since the concept of TOD considers design and efficiency at the same level, the importance of both stages is considered equal. In this research, identical weights are given at both stages in this research, i.e., w 1 : 0.5 and w 2 : 0.5. In other words, the assumption is made that both the transit design and efficiency stages are equal contributors to the overall efficiency score. With this assumption, the comprehensive efficiency of the station area could be obtained with consideration of the transit design and efficiency.
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λ k j ≥ 0, ∀j, k
where P network is the production possibility set, k (k = 1, 2) is the number of stages that k = 1 is the transit design stage and k = 2 is the transit efficiency stage, j ( j = 1, . . . , J) is the number of observed station areas,
is an intermediate measure from the transit design stage to transit efficiency stage, λ k is the intensity vector corresponding to stage k, z (k,h) j λ k j is the outputs from the transit design stage, and z (k,h) j λ h j is the inputs to the transit efficiency stage. The SBM DEA is a widely used model for evaluating efficiency [23] . Network DEA with a slacks-based approach was first developed by Tone and Tsutsui [22] , and this model is called NSBM DEA model. The NSBM DEA model evaluates efficiency using the input and output slack. The slack is the difference value amount from the desired value amount from the actual input and output variables [24] . The two slack values are estimated irrespective of the variable unit and are calculated as an efficiency measure using the average of the reduced inputs and the average of the increased outputs. Since input and output variables have different units, slack values are converted to ratio values by dividing the original observation values. NSBM DEA is performed by calculating the slack between observations and production changes. NSBM DEA is referred to as a SBM because it is calculated based on the slack between the observations and production changes. The most important feature of NSBM DEA is that the measure of efficiency does not change even when the units of the input or output variables change. This is because the input or output slack is calculated as a ratio and is thus independent of the unit. Compared to the early DEA models, SBM model has the advantage of allowing direct comparison between different DMUs [23] . Since the efficiency score of early DEA model is estimated by adding the slacks of variables with different units, the inefficiency cannot be directly compared between different DMUs [28] . The efficiency of SBM model is measured by adding the slack ratio. Since SBM model uses the slack ratio of each variable, the efficiency can be measured regardless of the units of the variables [24] .
NSBM DEA has three variations, i.e., the non-, input-, and output-oriented models. These three models can be employed depending on the objective or the features of the variables. In this research, we used the output-oriented SBM, for which the output direction is improving efficiency. The output-oriented SBM measures efficiency by fixed inputs and maximizing outputs. Since the outputs of each stage of transit analysis are required by the given conditions, the use of the output-oriented SBM is reasonable for determining the transit design and efficiency scores. It is difficult to change land use or eliminate existing facilities. Therefore, it is necessary to derive efficiency rankings by maximizing the output variables of each stage. NSBM DEA is widely used for evaluating relative efficiencies because it measures the efficiencies of DMUs. Given the transit system features mentioned above, the NSBM DEA model is suitable for evaluating transit efficiency. The mathematical expression for measuring transit efficiency is shown in Equation (8).
subject to:
where θ * i is the overall efficiency score of station area i, k (k = 1, 2) is the number of the stages that k = 1 is the transit design stage and k = 2 is the efficiency stage, w k is the relative weight of stage k, x k mi is the input variable m of station area i of stage k, y k ri is the output variable r of the station area i of stage k, λ k is the intensity vector corresponding to the stage k, s k− m is the slack vector of the input variable x m of the stage k, and s k+ r is the slack vector of the output variable y r of the stage k.
Data Description
Description of Smartcard Data
The government of Seoul has been operating the AFC system such as the smartcard system since 2004. The transit fare from the origin to destination is charged based on the total distance traveled by buses, subways, or both. Within the AFC system, travelers can use any combination of transit modes [31] . Since the transit system in Seoul has been operating as a 100% smartcard system, it is possible to extract 99% of the transit trip information. The smartcard data in Seoul records about 20 million individual transit trips per day. Each individual item of information is classified with respect to 36 categories, including card ID, boarding station, alighting station, boarding time, alighting time, etc. With the smartcard data, it is possible to obtain the numbers of subway, bus, bus-bus transfer, and subway-bus transfer trips. Since the smartcard data in Seoul include all transit users' trips, it can be used to analyze transit efficiency by station area [27] . Among the 36 categories of smartcard data, 11 were used in this research. These 11 categories include the card ID, boarding station ID, alighting station ID, number of transfers, alighting time, alighting date, boarding time, boarding date, line ID, vehicle ID, and zone code. Table 1 shows the 36 categories of smartcard data in Seoul of which 11 were used in this research. 
Description of Socio-Economic Data
The government of Seoul has been operating an open big-data portal since October 2013. This open big-data portal is an integrated data platform and provides the public with data about Seoul. Open big-data portal is available to anyone who has the desire to use it. The portal refers to all the data and information produced by public institutions such as public information. It facilitates communication and cooperation between all those interested. These open data are wide-ranging in scope, with information ranging from weather, geography, transportation, and food to historical documents and records. Open data related to socio-economic and environmental indicators are provided at the administrative and statistical aggregation district level. Seoul consists of 424 neighborhood areas, called dong, and each neighborhood is composed of one or more census areas. In this research, the census area unit is used to aggregate the population density, land value, number of households, and number of companies. There are 103,455 census area units in Seoul with an average area of 0.58 km 2 .
Data Preprocessing
The station areas of the 352 subway stations in Seoul were designated as DMUs in order to measure transit efficiency. The Enforcement Rules of the Urban Planning Ordinance of Seoul defines the station area as "an area within a 500 m radius from the center of stations such as subway, national railway, and light rail". [39] . This standard was employed in several previous research related to the transit in Seoul [40, 41] . Data preprocessing involved compiling these data by the station area. Transit and socio-economic data were obtained from both the smartcard and open data, respectively.
Socio-economic data from the open data portal were also compiled by the station area. Among the various open data, the population density, land value, number of households, and the number of companies were obtained for this research. Since all the obtained data were provided within census area units, it was necessary to aggregate the data values by the station area. The population density and land use values were compiled by averaging. The number of households and companies were aggregated by summing. From the result of preprocessing, the socio-economic data, population density, land value, the number of households, and the number of companies were determined to average: 34,249 (person/km 2 ), 5903 (1000 won/m 2 ), 5249 households, and 134 companies, respectively. Table 2 lists the descriptive statistics of the socio-economic data from the open-data portal. The transit data consist of transit infrastructures and trips per transit stations. The infrastructure variables include the numbers of subway lines, bus lines, and bus stations, and the average distance between a bus stop and subway station. The transit trips data include the numbers of subway trips, bus trips, and transfer trips between subway and bus, and the energy consumption by transit trips.
Since there is an overlapping area between some station areas, the average distance between the bus and the subway stations and the number of transfer trips are included as a variable. The definition of energy consumption is the consumed energy by transit mode per trip [42] . The station area the transit energy consumption of the individual station area can be calculated. Since the transit modes consist of subway and bus, the energy consumption is obtained by the sum of each mode's trips multiplied by the conversion factor. For the transfer trips, conversion factors of each mode are multiplied by each trip. The energy consumption by each station area was calculated using conversion factors, i.e., 0. Figure 2 shows the heat-map of transfer trips on station area. The transit data consist of transit infrastructures and trips per transit stations. The infrastructure variables include the numbers of subway lines, bus lines, and bus stations, and the average distance between a bus stop and subway station. The transit trips data include the numbers of subway trips, bus trips, and transfer trips between subway and bus, and the energy consumption by transit trips.
Since there is an overlapping area between some station areas, the average distance between the bus and the subway stations and the number of transfer trips are included as a variable. The definition of energy consumption is the consumed energy by transit mode per trip [42] . The station area the transit energy consumption of the individual station area can be calculated. Since the transit modes consist of subway and bus, the energy consumption is obtained by the sum of each mode's trips multiplied by the conversion factor. For the transfer trips, conversion factors of each mode are multiplied by each trip. The energy consumption by each station area was calculated using conversion factors, i.e., 0. Figure 2 shows the heat-map of transfer trips on station area. The data preprocessing results by station area for the numbers of subway lines, bus lines, and bus stations, and the distance between bus stops and subway stations yielded averages of 1.6 lines, 34 lines, 70 stations and 254 m, respectively. To identify the relationship between transit modes, the numbers of bus lines and stations were counted by types of buses, i.e., main bus, branch bus, or circulation bus. The numbers of subway trips, bus trips, and transfer trips, and energy consumption were 36,640 trips, 96,239 trips, 6164 trips, and 377,910 Mcal/trip, respectively. Table 3 lists the descriptive statistics of the transit data obtained from smartcard data. The data preprocessing results by station area for the numbers of subway lines, bus lines, and bus stations, and the distance between bus stops and subway stations yielded averages of 1.6 lines, 34 lines, 70 stations and 254 m, respectively. To identify the relationship between transit modes, the numbers of bus lines and stations were counted by types of buses, i.e., main bus, branch bus, or circulation bus. The numbers of subway trips, bus trips, and transfer trips, and energy consumption were 36,640 trips, 96,239 trips, 6164 trips, and 377,910 Mcal/trip, respectively. Table 3 lists the descriptive statistics of the transit data obtained from smartcard data. 
Application
Results of Transit Efficiency
With the results of the NSBM DEA of this research, the overall efficiency score was obtained by the average sum or weighted multiplication of each stage output from the design and efficiency stages. Table 4 and Figure 3 show the efficiency evaluation results for the station areas in Seoul. Based on the efficiency evaluation results in Table 4 , the average overall efficiency score is 0.349. The transit design and efficiency evaluation results average 0.453 and 0.245, respectively. Since the overall efficiency score is calculated using the transit design and transit efficiency scores, multiplying by a weight of 0.5 implies that the overall efficiency score is affected more by the design score rather than the efficiency score. Regarding the 0.349 score and 0.207 standard deviation (S.D.), there is clearly a large gap between the efficient and inefficient station areas in Seoul. The 10 station areas were determined to be efficient, i.e., Euljiro 1ga, Shindorim, Gupabal, Dongjak, Yeongdeungpo, Digital media city, Gasan digital, Magok, Bokjung, and Gaehwa station. The top 10 efficient stations are the DMUs with the highest scores of 1.000 in both the transit design and efficiency stages is served as benchmarks for the other 342 inefficient stations. As the means of the input variables for the top 10 efficient station areas, the population density, land value, number of households, and number of companies are 21,581 (person/ km 2 ), 4478 (1000 won/m 2 ), 2450 households, and 110 companies, respectively. The means of the intermediate variables for the top 10 efficient station areas are 1.8 subway lines, 55 bus lines, 91 stations, and 212 m distance between stations, respectively. The means of the output variables for the efficient station areas, i.e., the number of subway trips, bus trips, transfer trips, and energy consumption, are 182,420, 97,491, 11,747 trips and 439,666 Mcal/trip, respectively. A comparison of the efficient station area scores for the 352 station areas shows that all the input variable scores of the efficient station areas are lower than the mean score of all the station areas. In particular, the population density and number of households in the efficient station areas are about 37% and 16% lower than the average value of all the station areas, respectively. From the statistics for the intermediate variables, the number of subway lines and bus stations are about 66% and 54% of the means for all the station areas, and the number of bus lines is almost the same as the mean for all the station areas. These efficient station areas have relatively low population densities and small household. Although the population densities and number of households are smaller than the average values for all the station areas, the transit infrastructures are also well constructed. This is the main reason that transit design is estimated to be high. From the statistics of the output variables, the number of subway trips, bus trips, and transfer trips, and the energy consumption are about 4.98, 1.01, 1.91, and 1.16 times higher, respectively, than the mean values for all the station areas. The transit efficiency score was estimated to be 1.000, since it has a small population density, number of households, and the number of transit infrastructures compared to the output variables. This is because the inputs are lower and outputs are higher than the means for all the station areas, respectively. Since both the design and efficiency scores were 1.000, the overall efficiency score was also estimated to be 1.000.
The balance of each stage is crucial to achieve an efficient station in the concept of transit efficiency. For instance, if the transit infrastructure is well established with low transit trips, the design stage scores will be high but the efficiency stage scores will be relatively low. On the contrary, if the transit infrastructure is not well established with high transit trips, the design stage scores will be low and the efficiency stage scores will be relatively high. Hence, the overall efficient stations have A comparison of the efficient station area scores for the 352 station areas shows that all the input variable scores of the efficient station areas are lower than the mean score of all the station areas. In particular, the population density and number of households in the efficient station areas are about 37% and 16% lower than the average value of all the station areas, respectively. From the statistics for the intermediate variables, the number of subway lines and bus stations are about 66% and 54% of the means for all the station areas, and the number of bus lines is almost the same as the mean for all the station areas. These efficient station areas have relatively low population densities and small household. Although the population densities and number of households are smaller than the average values for all the station areas, the transit infrastructures are also well constructed. This is the main reason that transit design is estimated to be high. From the statistics of the output variables, the number of subway trips, bus trips, and transfer trips, and the energy consumption are about 4.98, 1.01, 1.91, and 1.16 times higher, respectively, than the mean values for all the station areas. The transit efficiency score was estimated to be 1.000, since it has a small population density, number of households, and the number of transit infrastructures compared to the output variables. This is because the inputs are lower and outputs are higher than the means for all the station areas, respectively. Since both the design and efficiency scores were 1.000, the overall efficiency score was also estimated to be 1.000.
The balance of each stage is crucial to achieve an efficient station in the concept of transit efficiency. For instance, if the transit infrastructure is well established with low transit trips, the design stage scores will be high but the efficiency stage scores will be relatively low. On the contrary, if the transit infrastructure is not well established with high transit trips, the design stage scores will be low and the efficiency stage scores will be relatively high. Hence, the overall efficient stations have balance in both design and efficiency stage scores. From the results of the evaluation, overall efficient stations are usually located in areas that have a relatively low population density but have well-built transit infrastructures with high transit trips.
The bottom 10 inefficient station areas include Donrimcheon, Hakyoeul, Eungbong, Guryong, Gaepodong, Dongdaemoon, Olympic Park, Geoyeo, Macheon, and Dokbawi stations. These bottom 10 inefficient station areas are relatively estimated to be the lowest overall efficiency scores among the 352 station areas. These 10 relatively inefficient station areas are DMUs in which the TOD should take top priority in improvement. The overall average score of the bottom 10 inefficient station areas was 0.090, which indicates that an improvement of 99.1% is required. The averages of design and efficiency scores were 0.157 and 0.023, respectively, which means that about 84.3% of these areas are poorly designed and 98.8% are inefficient. When targeting the efficient station, transit infrastructure-related variables should be improved by 84.3% compared to the socio-economic related variables. The transit trip-related variables should also be increased by 98.8% compared to the infrastructure-related variables. For the input variables of the bottom 10 inefficient station areas, the population density, land price, number of households, and number of companies totaled 38,853 (persons/km 2 ), 7300 (1000 won/m 2 ), 5329 households, and 140 companies, respectively. The intermediate variables, which are the outputs of the design stage, i.e., numbers of subways, bus lines, and bus stations and the distance between bus stops and subway stations averaged 1.2 subway lines, 11 bus lines, 20 stations, and 258 m, respectively. For the outputs, the numbers of subway trips, bus trips, and transfer trips, and the energy consumption totaled 37,676, 57,391, and 511 trips, and 210,026 Mcal/trip, respectively.
A comparison of the statistics for the bottom 10 inefficient station areas with all the station areas was conducted. It shows that all the input values of the bottom 10 inefficient station areas are higher than the mean values of all the stations. With respect to the statistics for the intermediate variables, the numbers of subway lines, bus lines, and bus stations are about 1.3, 1.8, and 1.5 times more, respectively. The distance between bus stops and subway stations is about 13% less than the mean distance for all the station areas. However, the output variable values were lower than the mean values of the 352 station areas. Although the number of subway trips was similar to the mean value for all the station areas, the numbers of bus trips and transfer trips and the energy consumption were about 40%, 92%, 44% less, respectively, than the mean values for all the station areas. Since the population and number of households are higher than the mean values for all the station areas, transit infrastructures must be better equipped than the mean required for all 352 station areas. The transit efficiency scores are also very low since the output values do not meet the required number of transit infrastructures. Figure 4 shows the overall efficiency scores that consider both the design and efficiency stages. As mentioned above, station areas with a score between 0.000 and 0.200 have top priority for TOD improvement due to low design and efficiency scores. Based on the mean score for each stage, i.e., transit design and efficiency analysis, the DMUs were also divided into four groups to indicate the type of improvement needed at these station areas. In Figure 4b , we can see that both the design and efficiency scores of group 1 are lower than the mean value, which mean that station areas in group 1 need to improve both their design and efficiency. The station areas in group 2 need improvements in design more than efficiency. Station areas in group 3 can improve their overall efficiency by improving their efficiency, and stations areas in group 4 qualify as relatively efficient stations. The types of improvement required to achieve overall efficiency can be determined by the scores of each stage or by group analysis.
Discussion
The analysis of an administrative unit is needed to practically evaluate the TOD priorities. Using the efficiency evaluation results of the station areas, it is also possible to analyze transit efficiency by the administrative units in Seoul. The dong unit is the smallest unit among the administrative units. The overall efficiency scores of the dong unit were obtained by averaging the scores of the relevant station areas. The dongs were classified with respect to four dimensions, i.e., non-scoring, low-scoring, midscoring, and efficient, and land-use features of each dimension were identified by the socioeconomic variables of each dong. The overall efficiency scores of the dong unit are shown in Table 5 and Figure  5 . Figure 5 shows the results of the overall transit efficiency of Seoul by the 424 dong administrative units. Since the station areas were set within a 500-m radius, a station area could cover several dongs. The dongs were classified with respect to four dimensions, i.e., non-scoring, low-scoring, mid-scoring, and efficient, and land-use features of each dimension were identified by the socioeconomic variables of each dong. The overall efficiency scores of the dong unit are shown in Table 5 and Figure 5 . The dongs were classified with respect to four dimensions, i.e., non-scoring, low-scoring, midscoring, and efficient, and land-use features of each dimension were identified by the socioeconomic variables of each dong. The overall efficiency scores of the dong unit are shown in Table 5 and Figure  5 . Figure 5 . Visualization of the efficiency evaluation results by dong unit in Seoul. Figure 5 shows the results of the overall transit efficiency of Seoul by the 424 dong administrative units. Since the station areas were set within a 500-m radius, a station area could cover several dongs. Figure 5 shows the results of the overall transit efficiency of Seoul by the 424 dong administrative units. Since the station areas were set within a 500-m radius, a station area could cover several dongs. Even though the no subway stations reside in the dong, the dong can be affected by the station area radius that spans multiple dongs. The efficiency score of each dong is estimated by calculating the average efficiency values of the station areas that reside or radius spans into the dong.
Eight dongs were estimated to be efficient, having earned a 1.000 overall efficiency score, i.e., Wirye-Dong, Gonghang-Dong, Sangam-Dong, Susek-Dong, Jinkwan-Dong, Daerim (3)-Dong, Dorim-Dong, and Yeongdeungpobon-Dong. These eight dongs can serve as reference DMUs for achieving efficient TOD. Regarding regional characteristics, efficient dongs have both residential and commercial land-use features. The top priority areas for TOD are the red dongs in Figure 5 . These 41 dongs were estimated to be non-scoring areas since they contain no station areas. These non-scoring dongs do not have any station areas that reside or spans within the dong despite range being 500 m radius for the station area. Residents of the non-scoring dongs must first take a bus to make transit trips due to the lack of subway stations. Since only bus infrastructures have been established, these areas are at a disadvantage for improving their overall efficiency. With respect to land use characteristics, these top-priority dongs for TOD are mostly residential with a large number of households, i.e., 9478 households. The second-priority areas are the 79 low-scoring dongs, which earned overall efficiency scores in the 0.0 to 0.2 range. Although these 79 dongs were designed for TOD, their transit infrastructures, trips, and energy consumption must be improved to achieve efficient TOD. Regarding land use, these second-priority dongs also have commercial features and host a large number of companies, i.e., 2083 companies.
Conclusions
The government of Seoul has been operating the AFC system and open data platform since 2004 and 2013, respectively. These systems provide the opportunity to analyze the efficiency of station areas in terms of TOD. This research was conducted to evaluate the transit efficiency of subway station areas. A total of 352 subway stations within a 500-m radius in Seoul were analyzed. Socioeconomic data were obtained from the open data platform, i.e., population density, land value, number of households, and number of companies. Transit-related data were obtained from Seoul's smartcard data, i.e., the number of subway lines, the number of bus lines, and the number of bus stations. Given the TOD concept, the transit efficiency evaluation was designed as a two-stage network slacks-based measure data envelopment analysis (NSBM DEA). The first stage was designed as a transit-design evaluation and the second stage was evaluated with respect to transit efficiency.
The results of the evaluation were as follows: the overall efficiency score and S.D. were estimated to be 0.349 and 0.207, respectively, which points to a large gap between the efficient and inefficient station areas in Seoul. The analysis results indicated that the eight efficient dongs were characterized by both residential and commercial land use. In addition, overall efficiency was found to be high in areas that have both residential and commercial characteristics. The non-scoring dongs were identified as having top priority for TOD, and the land-use features of these dongs are residential. Dongs with overall efficiency scores in the 0.0 to 0.2 range were designated as second-priority areas, and these dongs also have commercial features. Based on the results of the transit design and efficiency evaluation, it was possible to determine the TOD-related priorities for stations and dongs. Considering the regional characteristics, development efforts are also required to improve overall efficiency. This research measured transit overall efficiency based on transit design and efficiency. From the results, recommendations regarding the TOD priorities and development directions were made by station areas. Although various factors were used to evaluate TOD efficiency, a variety of additional socioeconomic and transit factors must also be considered. In this study, we defined the station area as the area within a 500-m radius adjacent to a subway station based on previous literature. The overlapping areas may affect the results of the analysis. The score of a station area that contains multiple stations would be different from the score of a station area that only contains one station. Based on the sensitivity analysis, the effect of the station area should be investigated. The weight of each stage of NSBM DEA model can be also changed according to regional conditions, environment, and culture.
